Axotomized neurons within the damaged CNS are thought to be prevented from functional regeneration by inhibitory molecules such as chondroitin sulfate proteoglycans (CSPGs) and myelin-associated inhibitors. Here, we provide a transgenic test of the role of CSPGs in limiting regeneration, using the gfap promotor to express a CSPG-degrading enzyme chondroitinase ABC (ChABC) in astrocytes. Corticospinal axons extend within the lesion site, but not caudal to it, after dorsal hemisection in the transgenic mice. The presence of the gfap-ChABC transgene yields no significant improvement in motor function recovery in this model. In contrast, functionally significant sensory axon regeneration is observed after dorsal rhizotomy in transgenic mice. These transgenic studies confirm a local efficacy for reduced CSPG to enhance CNS axon growth after traumatic injury. CSPGs appear to function in a spatially distinct role from myelin inhibitors, implying that combination-based therapy will be especially advantageous for CNS injuries.
Introduction
Functional recovery from neurological trauma and pathologies, such as spinal cord injury (SCI), multiple sclerosis, stroke, and traumatic brain injury, is limited by the failure of CNS axons to grow through an inhibitory environment (McGee and Strittmatter, 2003; Harel and Strittmatter, 2006; Liu et al., 2006) . Molecular analysis of the inhibitors present in the injured CNS have focused on two classes of proteins: the myelin-associated inhibitors Nogo-A, myelin-associated glycoprotein (MAG), oligodendrocyte myelin glycoprotein, and ephrin-B3; and the reactive gliosis-associated inhibitors of the chondroitin sulfate proteoglycan (CSPG) class. A glial scar forms at the site of CNS lesion almost immediately after damage (Berry et al., 1983; Fitch and Silver, 1997) . Hypertrophic astrocytic processes enmesh the lesion site and deposit an inhibitory extracellular matrix consisting primarily of CSPGs (Levine, 1994; Davies et al., 1997 Davies et al., , 1999 Fitch and Silver, 1997; Fitch et al., 1999; Asher et al., 2000; Tang et al., 2003) . This tissue reaction results in the formation a dense complicated structure that is inhibitory to regenerating axons (Davies et al., 1997 (Davies et al., , 1999 Bradbury et al., 2002) . Each CSPG molecule contains a central core protein to which long unbranched glucosaminoglycan (GAG) side chains containing chondroitin sulfate are attached covalently. The bacterial enzyme chondroitinase ABC (ChABC) liberates chondroitin sulfate GAGs from CSPG core proteins to render a more permissive substrate for axonal outgrowth in vitro (McKeon et al., 1995) .
Both axonal growth and functional regeneration have been observed after infusion of ChABC via a CNS catheter into rodents with spinal cord or brain injury (Yick et al., 2000; Bradbury et al., 2002; Caggiano et al., 2005; Barritt et al., 2006) . Pharmacological strategies that target myelin-associated inhibition (Schnell and Schwab, 1990; Bregman et al., 1995; Brosamle et al., 2000; Dergham et al., 2002; Fournier et al., 2002; GrandPre et al., 2002; Li and Strittmatter, 2003; Fouad et al., 2004; S. Li et al., 2004; have provided results generally similar to those with ChABC infusion. However, gene-targeting loss-of-function studies for myelin-associated inhibitors such as Nogo-A and MAG or the NgR receptor have provided less clear results regarding the essential role of these proteins as inhibitors of axonal regeneration (Bartsch et al., 1995; Kim et al., 2003 Kim et al., , 2004 Simonen et al., 2003; Zheng et al., 2003 Zheng et al., , 2005 Cafferty and Strittmatter, 2006; Dimou et al., 2006) . Conflicting pharmacological and genetic results can be explained by either chronic compensatory changes in gene expression in genetic studies or off-target actions in pharmacological experiments. To the extent that off-target effects are a concern for myelin-associated inhibitors, they are at least as great a concern for ChABC studies because of the fact that ChABC is a protein extracted from bacteria. As such, it may contain impurities and may also elicit an immune response. No published work has used a gene-targeting or transgenic (Tg) methodology to reduce CSPG levels after CNS injury.
We sought to provide a transgenic analysis of CSPG action in limiting axonal growth and behavioral recovery from CNS injury. Here, we engineered transgenic mice to express ChABC under the gfap promoter and assessed the ability of damaged axons to regenerate through glial scars after dorsal hemisection and dorsal rhizotomy. Transgenic mice express functional enzyme in both lesion models, but the combination of axonal regeneration and enhanced behavioral recovery is only observed after dorsal rhizotomy. After dorsal hemisection, elevated numbers of growing corticospinal (CST) axons are observed in the glial scar, but transgenic mice show an insignificant recovery of function compared with wild-type littermates. Our transgenic data confirm a role for CSPGs in limiting the growth of primary sensory and corticospinal axons in the CNS after traumatic injury. The distinction between the pattern of axonal growth here and that after transgenic delivery of NgR(310)ecto (Li et al., 2005) emphasizes the possible advantages of combination therapy for CNS injury.
Materials and Methods

Generation of gfap::ChABC transgenic mice
The Proteus vulgaris ChABC cDNA (GenBank number E0825) was subcloned into the NotI site of the C-3123 vector containing the 2.0 kb murine gfap promoter (a kind gift from Dr. Lennart Mucke, Gladstone Institute of Neurological Disease, University of California, San Francisco, San Francisco, CA) (Johnson et al., 1995) . This construct was released from the pGEM-11Z backbone by sequential digestion with AatII and SfiI, and the resulting 3.4 kb fragment was microinjected into embryos to generate transgenic mice. Transgene integration was verified by PCR, and four lines were identified. Two lines with the highest expression levels were crossed to C57BL/6J mice. Wild-type littermates were used as controls in all experiments.
Surgical procedures
Dorsal hemisection and corticospinal tract tracing procedure. Adult (4 -6 months) female heterozygous transgenic mice (n ϭ 10) or wild-type littermates (n ϭ 10) were deeply anesthetized with intraperitoneal ketamine (100 mg/kg) and xylazine (15 mg/kg). A laminectomy was performed to expose the dorsal portion of spinal cord corresponding to T6 and T7 levels. The dura mater was pierced and the spinal cord was exposed, and a pledget of Gelfoam soaked in 1% lidocaine was placed on the exposed cord for 1 min before lesion. A dorsal over-hemisection lesion was performed at T6 with a 30 gauge needle and a pair of microscissors to a depth of 1.0 mm to completely sever the dorsal and dorsolateral corticospinal tract. The overlying muscle and skin was sutured with 4.0 vicryl. Concomitantly, mice received unilateral cortical injections with biotinylated dextran amine (BDA) to anterogradely label the corticospinal tract as described previously (Kim et al., 2003 (Kim et al., , 2004 . Briefly, burr holes were made over the sensorimotor cortex, and four microinjections were made to a depth of 1.0 mm (coordinates, 0.5-1.5 mm posterior to bregma and 0.5-1.5 mm lateral to bregma) to deliver a total volume of 1.2 l of BDA (10,000 molecular weight; Invitrogen, Carlsbad, CA). Four weeks after dorsal hemisection, mice were perfused with 4% paraformaldehyde, postfixed overnight at 4°C, and embedded in 10% gelatin for immunohistochemical processing.
Dorsal rhizotomy. Adult (4 -6 months) female or male heterozygous transgenic mice (n ϭ 18) or wild-type littermates (n ϭ 12) were deeply anesthetized with intraperitoneal ketamine (100 mg/kg) and xylazine (15 mg/kg). A hemi-laminectomy was performed to expose the lateral portion of spinal cord corresponding to the C4 -T1 spinal levels. The dura mater overlying dorsal roots C5-C8 was pierced just caudal to each individual root, fine (Dumont #5) forceps were introduced subdurally between the dorsal root entry zone (DREZ) and dorsal root ganglia (DRG), and the dorsal roots were crushed by squeezing the forceps closed for 5 s. Translucence of injured root demonstrated complete interruption at the time of injury, and histologic studies in control groups confirmed complete injury at follow-up. Muscle and skin were sutured with 4.0 vicryl. All animals recovered uneventfully. Twelve mice (acute group, n ϭ 6 transgenic, n ϭ 6 wild type), were killed 3 d after lesion, and 18 mice (chronic group, n ϭ 12 transgenic, n ϭ 6 wild type) were killed 21 d after lesion. Three days before perfusion, the chronic group received a 1 l microinjection of a 0.1% solution of cholera toxin ␤-subunit (CTB) (List Biological Laboratories, Campbell, CA) in their left median nerve. All animals were transcardially perfused with 4% paraformaldehyde. Tissue was postfixed overnight and embedded in 10% gelatin for immunohistochemical possessing. All surgical procedures and postoperative care was performed in accordance with guidelines of the Yale University animal care and use committee.
Behavioral analysis
Mice that underwent over dorsal hemisection lesions were assessed using the Brief Motor Scale (BMS) (Basso et al., 2006) . Mice that under went dorsal rhizotomy were split into two groups, and one group of 12 mice (n ϭ 6 wild type, n ϭ 6 transgenic, acute group) were behaviorally assessed on days Ϫ1, 1, 2, and 3 d after lesion to confirm initial behavioral deficits in both genotypes of mice. A group of 18 mice were behaviorally assessed on days Ϫ1, 5, 10, 15, and 20 after lesion (chronic group). All mice were subjected to two sensory tests, tape removal and thermal withdrawal. For tape removal, animals had an square of adhesive tape placed on the palmar surface of both of their forepaws, and the time taken to identify the tape (the "sense" component) and the time taken for the mice to remove the tape after sensing it (the "motor" component) was recorded once before lesion and on days 5, 10, 15, and 20 after lesion. For thermal testing, the forepaws of each animal were dipped into a 52°C water bath, and the time taken for them to withdraw their paws was recorded. Animals were tested once before surgery and on days 1, 2, 3, 5, 10, 15, and 20 after lesion by an experimenter blind to genotype. Behavioral responses of transgenic and wild-type mice were compared using two-way repeated-measures ANOVA, followed by Tukey's post hoc test.
Immunohistochemistry
Sagittal sections of dorsal hemisected thoracic spinal cord were processed to detect GFAP (antibody at 1:10,000; Invitrogen), chondroitin sulfate proteoglycans (CS56, 1:200; Sigma, St. Louis, MO), chondroitin-4-sulfate (C4S, 1:1000; Chemicon, Temecula, CA), and BDA (avidin at 1:10,000; Invitrogen) and were visualized with appropriate secondary antibodies conjugated to AlexaFluor 488 and 546 (Invitrogen). The number of BDA-positive (BDA ϩ ) CST axons is presented as CST axon index, which is a ratio of the number of CST axons present at Ϫ1, Ϫ0.5, Ϫ0.25, Ϫ0.1, 0, 0.5, and 1 mm (relative to the lesion center) divided by the number of BDA ϩ axons counted in the upper thoracic spinal cord. Assessment of astrocytic process orientation was achieved by counting the number of GFAP-immunoreactive (IR) processes that crossed the horizontal or vertical perimeters of defined areas in sagittal sections from wild-type and Tg-ChABC mice (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). Twenty-five boxes of 20 m 2 were superimposed on spinal cord montages in a 5 ϫ 5 grid from the dorsal to ventral surface and from 1 mm rostral to 1 mm caudal from the lesion center.
Transverse sections of rhizotomized cervical spinal cord were processed to detect GFAP (antibody at 1:10,000; Invitrogen), chondroitin-4-sulfate (antibody at 1:1000; Chemicon), small proline-rich protein 1A (SPRR1A) (antibody at 1:1000), calcitonin gene-related peptide (CGRP) (antibody at 1:16,000; Sigma), CTB (1:8000; List Biological Laboratories), and 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (dye at 1:10,000; Invitrogen). The average number of (SPRR1A-IR, CGRP-IR, or CTB-IR) regenerating axons was counted in five randomly selected sections containing the DREZ from each animal. The number of axons crossing a line perpendicular to the entering dorsal root is reported as a function of location at the PNS (0% GFAP immunoreactivity) or CNS (100% GFAP immunoreactivity) boundary of the DREZ.
Results
Transgenic expression of chondroitinase ABC in vivo
A transgenic approach was used to reduce CSPG-mediated inhibition by injury-induced astroglial scars. The P. vulgaris ChABC cDNA was placed under the control of the murine gfap promoter (Fig. 1 A) . This promoter has been shown to faithfully drive astrocyte-selective expression of other transgenes and to do so most intensely at reactive CNS injury sites (Johnson et al., 1995; Li et al., 2005) . Our transgenic construct included a signal se-quence so that the recombinant protein would be targeted to the secretory pathway. Four lines of mice (Tg-ChABC:1 to TgChABC:4) were established by injection of this DNA into fertilized eggs. We selected two lines, termed Tg-ChABC:3 and TgChABC:4, for additional investigation based on higher expression levels. Adult wild-type, Tg-ChABC:3, and TgChABC:4 mice underwent cortical stab injuries to create a gliotic lesion rich in reactive astrocytes (Fig. 1 B) . One week after lesion, immunohistochemical analysis reveals that GFAP-IR astrocytes from transgenic animals expressed anti-ChABC-IR protein.
Transgenic chondroitinase ABC digests CSPGs after CNS trauma
To confirm enzymatic activity of transgenic ChABC, adult wildtype and transgenic mice underwent either dorsal overhemisection spinal cord injury at T6 (Dhx) (Fig. 2) or dorsal rhizotomy of cervical dorsal roots C5-C8 (Rhx) (Fig. 3) . Enzymatic digestion of endogenous and injury-upregulated CSPGs by transgenically expressed ChABC in vivo was assessed immunohistologically. The anti-chondroitin sulfate CS56 antibody recognizes CSPGs with intact GAG side chains. The anti-chondroitin-4-sulfate C4S antibody detects the tetrasaccharride linker region, or stub, that results from ChABC action. CS56 immunoreactivity is observed throughout spinal gray and white matter of intact wild-type ( Fig. 2 A) and transgenic ( Fig. 2 F, K ) mice. Thus, basal expression of transgenic ChABC is low and has no obvious effect on CSPG levels before injury. After Dhx, wild-type mice exhibit a pronounced increase in CS56 immunoreactivity at the lesion site, consistent with an injury-induced deposition of CSPGs ( mice indicates that the vast majority of CSPGs present after injury at the lesion site are hydrolyzed (for quantification, see next section). However, it is also critical to note that, although CSPG digestion is nearly complete locally, it is highly focal in the transgenic model. More than several millimeters from the center of the lesion, the extent of CSPG digestion is nil.
A dorsal root injury (Rhx) is known to induce the upregulation of GFAP in reactive astrocytes at the damaged DREZ. Hyperfilamentous astrocytic processes can be seen extending into the injured dorsal root in wild-type (Fig. 3 D, H ) and Tg-ChABC (Fig. 3 L, P) mice after quadruple rhizotomy of C5-C8. C4S-IR stubs are absent from the DREZ of intact ( Fig. 3 A, B) and rhizotomized wild-type (Fig. 1C,D) mice, confirming the lack of CSPG degradation. Tg-ChABC mice show no detectable C4S-IR stubs at the intact DREZ (Fig. 3 I, J ) , again demonstrating that CSPG degradation is minimal in the transgenic mice without injury. In contrast, the transgenic mice exhibit dense C4S immunoreactivity at the lesioned DREZ after rhizotomy ( Fig. 1 K, L) .
To assess the completeness of transgenic digestion of CSPGs in vivo, we compared the level of C4S-IR stubs after in vivo digestion with that obtained by incubation of sections with excess ChABC enzyme in vitro. Levels were determined in three areas (CNS adjacent to the DREZ, the DREZ, and the adjacent PNS) (Fig.  3A ) of transverse sections from intact and rhizotomized wild-type ( Fig. 3A-D) or Tg:ChABC (Fig. 3I-L) mice. These C4S-IR levels were compared with those in sections of intact and rhizotomized wild-type ( Fig. 3E-H ) or Tg:ChABC ( Fig. 3M -P) mice treated in vitro with excess ChABC enzyme. The optical density of stub staining was not significantly different between wild-type and Tg-ChABC mice on the intact side in any of the three locations in the absence of in vitro ChABC treatment (Fig.  3Q ). Wild-type and Tg-ChABC mice treated in vitro with ChABC revealed similarly high C4S-IR stub density throughout the spinal parenchyma (Fig. 3Q) . Rhizotomy-induced expression of C4S-IR stubs was higher in Tg-ChABC compared with wild-type mice (Fig. 3R ) (ANOVA, *p Ͻ 0.001) within the CNS, at the DREZ, and in the PNS. Most critically, within the CNS adjacent to the DREZ, transgenic digestion in vivo is at least 50% as effective at hydrolyzing CSPGs as is in vitro digestion (Fig. 3R) . Within the DREZ and the PNS, transgenic in vivo and exogenous in vitro digestion produced essentially equal C4S immunoreactivity, demonstrating complete digestion for the transgenic mice in vivo (Fig. 3R) . Thus, Tg-ChABC mice digest nearly all CSPGs present at sites of CNS injury to provide a robust transgenic model for assessing the role of focal CSPGs in limiting adult CNS axonal growth. CSPGs more than several millimeters distant from the injury site are not significantly degraded in the transgenic mice.
Transgenic ChABC allows CST axons into scar tissue
The rodent CST provides a useful system with which to study axonal regeneration and recovery of function after experimental spinal cord injury. The bulk of the CST runs in the ventral portion of the dorsal columns, with a minor but functionally significant component running in the lateral and ventral funiculi. Wild-type (Fig. 4 A, B) , Tg-ChABC:3 (Fig. 4C,D) , and Tg-ChABC:4 (Fig.   Figure 3 . Transgenic expression of functional ChABC after dorsal rhizotomy. A-P, Photomicrographs show the DREZ from intact (A, B) and rhizotomized (C, D) wild-type (WT) plus intact (I, J ) and rhizotomized (K, L) Tg-ChABC mice. GFAP-IR astrocytes (red) extend into the damaged dorsal root in both lesioned wild-type (C) and Tg-ChABC (L) mice. C4S-IR CSPG stubs are present in the damaged GFAP-rich DREZ of Tg-ChABC mice (K, L) but are entirely absent from wild-type mice (C, D). Sections from intact (E, F ) and rhizotomized (G, H ) wild-type and intact (M, N ) and rhizotomized (O, P) Tg-ChABC mice were treated in vitro with ChABC enzyme to digest all CSPGs and then stained with C4S to reveal maximum stub concentration. The optical density of C4S immunoreactivity in three areas (the CNS adjacent to the DREZ, the DREZ, and adjacent PNS; A) of rhizotomized and intact wild-type and Tg-ChABC mice with and without in vitro ChABC treatment compares the relative efficacy of transgenic ChABC expression versus subsequent digestion of CSPGs in vivo. Q, No significant difference in optical density of C4S immunoreactivity was observed within the CNS, DREZ, or PNS zones between wild-type and Tg-ChABC mice without in vitro ChABC treatment. ChABC treatment increased the density of stubs 10-fold in both wild-type and Tg-ChABC mice equally (Q) (data are mean Ϯ SEM). R, On the rhizotomized side, the optical density of stub staining is significantly higher in the CNS, DREZ, and PNS zones of Tg-ChABC mice compared with wild-type mice (data are mean Ϯ SEM; p Ͻ 0.001, ANOVA). In vitro digestion of Drx sections reveals that transgenic expression of ChABC in vivo is highly efficient in digesting CSPGs near the DREZ (R). Scale bar, 200 m.
4 E, F ) mice received bilateral dorsal overhemisection lesions to ablate both dorsal and lateral CSTs. To accurately assess the pattern of CST axons, it is critical to verify that the underlying tissue architecture of the lesion is unaltered by the transgene. GFAP-IR processes are oriented across the cord near the lesion and longitudinally at more rostral and caudal sites (Fig.  4 A, C,E ) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). The presence of transgenic ChABC did not alter this arrangement (Fig. 4G) .
CST fibers were labeled via cortical injections with the anterograde tracer BDA (Fig. 4 A, C,E, green) . CST axons can be seen approaching the lesion site in wildtype mice but abruptly stop ϳ1 mm rostral to the lesion epicenter (Fig. 4 A, B , asterisk). Tg-ChABC:3 and Tg-ChABC:4 mice show robust numbers of BDA ϩ CST axons coursing into the lesion site. In transgenic mice, it is clear that CST axons extend into the highly GFAP-IR regions of lesion scar (Fig. 4C-F, yellow) . Quantification of the number of CST axons within the lesion site revealed significantly greater numbers of axons for TgChABC:3 and Tg-ChABC:4 mice than for wild-type controls (Fig. 4 H) . Such fibers may reflect either enhanced regeneration or reduced dieback of axons. Their highly branched profiles and the documentation of sensory axon regeneration (see below) suggest that CST axons regenerate in the lesion site of transgenic mice. Although elevated numbers of regenerating CST axons were present rostral to the lesion site, no CST axons were observed caudal to the lesion. Open-field locomotor scores (BMS) revealed a trend toward improved behavioral recovery in the transgenic mice, but this did not reach statistical significance and was not apparent at later time points (Fig. 4 I) .
Sensory axon regeneration after dorsal rhizotomy
A second CNS regeneration model was studied to determine the extent of inhibition of primary sensory axons by CSPGs within focal astrocytic scars. After dorsal root injury of wild-type animals, axonal regeneration proceeds with high fidelity through the PNS zone but is abruptly arrested at the DREZ, separating the PNS from the CNS (Fig. 5A-I , labeled with GFAP, red). Adult mice received unilateral quadruple dorsal root crush lesions (rhizotomies) from C5-C8, inclusively. This lesion axotomized the central branches of all sensory neurons entering the spinal cord through these spinal segments and results in a deficit of forelimb sensory function ipsilaterally. Animals were killed for histology either 3 or 20 d after lesion to assess axon regeneration. GFAP-IR astrocytic processes are prominent in the CNS zone at the DREZ adjacent to an injured dorsal root in both wild-type (Fig.  5 A, C, F, H ) and Tg-ChABC (Fig. 5 B, D,G,I ) mice.
Regenerating axons were identified by their elevated expression of the growth-associated protein SPRR1A (Bonilla et al., 2002) . Although there is no SPRR1A in naive mice, gene induction occurs within intact motor neurons of the same segmental level and DRG neurons of adjacent spinal levels attributable to tracer injections into the median nerve and surgical traction on ventral roots. However, those SPRR1A-IR structures that are observed deep in the spinal cord parenchyma are clearly separate from the SPRR1A fibers induced in the rhizotomized dorsal root. SPRR1A-IR axons are observed to extend up to the damaged DREZ in wild-type (Fig. 5 A, C) and Tg-ChABC (Fig. 5 B, D) mice 3 d after lesion (Fig. 3 A, C) . However, no axons were apparent central to the DREZ (Fig. 5E ) at this time point. Assessment of animals 20 d after lesion revealed that regeneration of SPRR1A-IR sensory axons through the GFAP-free peripheral region of the root in Tg-ChABC (Fig. 5G,I ) is indistinguishable from that in wild-type (Fig. 5 F, H ) mice. In the wild-type mice, no SPRR1A-IR fibers cross the DREZ into the CNS. However, many regenerating SPRR1A-IR axons traverse the DREZ and enter the spinal cord gray matter of rhizotomized Tg-ChABC:3 and Tg-ChABC:4 mice (Fig. 5J ) . Thus, transgenic digestion of CSPGs is sufficient to promote growth of sensory axons through the damaged DREZ and into the CNS environment.
Recovery of nociceptive function after rhizotomy
Sensory neurons are a heterogeneous population of cells that mediate multiple sensory modalities. To identify the modality of the SPRR1A-IR axons that had regenerated into the spinal cord, we focused on two different populations of cells, nociceptors and proprioceptors. Nociceptors are smalldiameter thinly or unmyelinated sensory neurons whose central branches enter the spinal cord through the DREZ in fasciculated bundles and terminate in the superficial dorsal horn. One population of nociceptive neurons can be identified by virtue of their intrinsic expression of neuropeptides, such as CGRP. Regenerating CGRP-IR axons are seen approaching the damaged DREZ in wild-type mice (Fig.  6 A-C) , but axonal projections halt on reaching GFAP-IR astrocytes (CGRP, green; GFAP, red), with very few axons entering the spinal cord (Fig. 6G ). In contrast, significant numbers of CGRP-IR axons can be seen growing up to and beyond the DREZ in Tg-ChABC (Fig. 6 D-G) .
The anatomical regeneration observed in Tg-ChABC mice after rhizotomy may or may not subserve a return of neurological functions. To assess the contribution of transgene-dependent axon regeneration to mouse performance, we performed a thermal withdrawal test. The time taken for wild-type, Tg-ChABC:3, and TgChABC:4 mice to withdraw their forepaws from a 52°water bath was recorded before lesion and on days 1, 2, 3, 5, 10, 15, and 20 after lesion (Fig. 6 H, I ). Rhizotomized wild-type mice exhibit a significant increase in withdrawal latency up to 5 d after lesion, but their ability to integrate thermal stimulus returns to normal (indistinguishable from contralateral, intact forelimbs) by 10 d after lesion (Fig. 6 H, I ). The late improvement in sensitivity is not mediated by axonal regeneration but may occur via hypersensitivity and/or spinal rearrangements of spared spinal axons (Abad et al., 1989; Darian-Smith, 2004; Ramer et al., 2004) . In contrast to wild-type mice, rhizotomized Tg-ChABC:3 and TgChABC:4 mice recover nociceptive function at least 5 d before wild-type controls (Fig. 4 H, I ). Thus, nociceptive axon growth is correlated with improved nociceptive performance in the rhizotomized transgenic mice at early time points.
Recovery of cutaneous mechanical sensation after rhizotomy
Large-diameter sensory neurons can be specifically labeled by virtue of their ability to transport CTB. We sought to investigate whether the regeneration of this population of cells is influenced by the transgenic expression of ChABC after dorsal rhizotomy. Regenerating CTB-IR axons are seen approaching the damaged DREZ in wild-type mice (Fig. 7A) , but regenerating axons stop abruptly on reaching GFAP-IR astrocytes (CTB, green; GFAP, . E, Insets show high-power photomicrographs of the rhizotomized DREZ. Three days after lesion, modest numbers of SPRR1A-IR (green) regenerating axons can be seen approaching the damaged DREZ (delineated by GFAP-IR astrocytes; red) in both wild-type (C) and Tg-ChABC (D) mice; no SPRR1A-IR regenerating axons were seen central to the DREZ (E) (data represent mean Ϯ SEM axons; x-axis demarcates PNS from CNS by GFAP staining; 0% GFAP-IR refers to the PNS; 100% GFAP-IR refers to the CNS). F, H, J, Twenty days after lesion, SPRR1A-IR axons can be seen throughout the dorsal root in wild-type mice (F, H ), but few axons penetrate the DREZ and enter the spinal cord (H, J ). In contrast, significant numbers of SPRR1A-IR axons can be seen growing up to and past the DREZ and entering the spinal cord in Tg-ChABC:3 and Tg-ChABC:4 mice (I, J ) (data represent mean Ϯ SEM; *p Ͻ 0.001, one-way ANOVA). Scale bars: A, B, F, G, 500 m; C, D, H, I , 100 m. red), with very few axons entering the spinal cord (Fig. 7C) . In contrast, significant numbers of CTB-IR axons can be seen growing up to and beyond the DREZ in Tg-ChABC (Fig. 7 B, C) .
These sensory fibers mediating cutaneous mechanical sensation and can be assessed experimentally by recording the time taken for mice to sense the presence of and remove a small piece of adhesive tape from their forelimbs. Time taken for animals to sense the presence of adhesive tape placed on both ipsilateral and contralateral forelimbs and time taken to remove the tape was recorded before lesion and on days 1, 2, 3, 5, 10, 15, and 20 after lesion (Fig. 7 D, E) . Wild-type mice illustrate a significantly increased time in sensing the adhesive tape on their ipsilateral (rhizotomized) paws after lesion, in contrast to contralateral intact wild-type and transgenic controls (*p Ͻ 0.05, two-way repeated-measures ANOVA). This sensory deficit is maintained throughout the testing period. In contrast, both TgChABC:3 (Fig. 3H ) and Tg-ChABC:4 (Fig. 3I ) mice show a significant recovery in their ability to sense the presence of the adhesive tape by 4 d after lesion compared with injured wild-type mice (two-way repeated-measures ANOVA). Time taken to sense tape on contralateral paws remains constant throughout the testing period. Motor scores (time taken to remove tape) are not significantly different between ipsilateral and contralateral paws from wild-type or transgenic mice (data not shown).
Discussion
This study provides transgenic evidence that CSPGs limit axonal growth in the CNS after traumatic injury. The expression of ChABC by reactive astrocytes effectively degrades CSPGs in glial-scarred tissue and allows CST and DRG axon -type mice (B, C) . G, CGRP-IR axons traverse the damaged DREZ in Tg-ChABC mice (E, F ) and reenter the spinal cord. Quantification of the number of CGRP-IR axons at the DREZ (x-axis demarcates PNS from CNS by GFAP staining; 0% GFAP-IR refers to the PNS; 100% GFAP-IR refers to the CNS) shows Tg-ChABC:3 and Tg-ChABC:4 4 to have significantly more axons entering the spinal cord compared with wild-type control mice (data represent mean Ϯ SEM; *p Ͻ 0.001, one-way ANOVA). H, I, Thermal withdrawal latencies were recorded from wild-type (black lines), Tg-ChABC:3 (H, red lines), and Tg-ChABC:4 (I, green lines) mice to assess return of nociceptive function after rhizotomy. Withdrawal latency was significantly elevated ipsilateral to the lesion after rhizotomy in wild-type (filled black circles) and Tg-ChABC (filled red and green circles) mice compared with their contralateral intact sides (open circles, H, I ) (data represent mean Ϯ SEM withdrawal time;
# p Ͻ 0.05, one-way ANOVA). Wild-type mice recovered thermal sensation within 10 d of lesion. Tg-ChABC:3 and Tg-ChABC:4 recovered significant thermal sensory function by 5 d after lesion (*p Ͻ 0.05, one-way ANOVA) 5 d earlier than wild-type controls. Scale bar, 100 m. growth in the damaged CNS. Such growth is associated with functional recovery after multiple level cervical dorsal rhizotomies but not after thoracic dorsal hemisection.
Previous studies using pharmacological delivery of ChABC alone after SCI have shown significant axon growth and/or functional recovery (Yick et al., 2000; Bradbury et al., 2002; Caggiano et al., 2005; Barritt et al., 2006) . Akin to these studies with infusion of bacterial protein, we observed a significant encroachment of CST axons into the glial scar, but we failed to observe regeneration of axons across the lesion or a return of significant motor function. Because CSPG digestion at the injury site was nearly complete in our transgenic studies, ineffective ChABC action cannot provide the explanation for these differences. The lack of recovery might be a consequence of the nature and severity of the lesion, the tract under investigation, or off-target effects with pharmacological studies. Bradbury and colleagues used a dorsal column injury paradigm that specifically ablates ascending gracile and cuneate primary afferent collaterals and a significant portion of the CST (dorsal CST) (Bradbury et al., 2002; Barritt et al., 2006) . This lesion spares the lateral and ventral CST and spinal gray matter, providing a greater expanse of less hostile tissue through which regenerating axons might grow after exposure to ChABC than does the dorsal overhemisection injury here. A segment of relatively permissive tissue might also exist in the study by Yick et al. (2000) , which used a lateral hemisection paradigm. The same cannot be true in the severe compression injury study (Caggiano et al., 2005) . Although that study comprehensively confirmed the efficacy of infused ChABC for enhancing motor and autonomic function, axonal regeneration was not examined. Together, these studies suggest that that injury severity alone cannot explain the limited efficacy of transgenically expressed ChABC in promoting longdistance CST regeneration and motor recovery after Dhx.
A more likely explanation for variable results may be the spatial distribution of ChABC action. The Bradbury and Caggiano studies delivered ChABC via an intrathecal cannula placed subdurally. Under these circumstances, ChABC may travel throughout the thecal space to influence distant intraspinal circuits that might assist in recovery of function (Bareyre et al., 2004) . As can be seen in Figure 2 , ChABC expression and subsequent CSPG digestion in our study is limited to a restricted penumbra of tissue at the lesion site and therefore cannot influence distal regions of the nervous system. Similarly, a recent study by Houle et al. (2006) demonstrated an efficacy for local application of ChABC to enhance the regeneration of spinal axons into the spinal cord from a peripheral nerve graft circumventing a dorsal hemisection injury. Thus, the promotion of axonal growth may be limited specifically to regions of tissue with active ChABC. Furthermore, enhanced long-distance axonal growth and motor recovery after SCI may require widespread CSPG removal. Treating distal intact tissue may as crucial as treating local astroglial scar domains.
Using a paradigm parallel to that of the current study, Li et al. (2005) (green, B) . C, Quantification of the number of CTB-IR axons at the DREZ (C)(x-axis demarcates PNS from CNS by GFAP staining; 0% GFAP-IR refers to the PNS; 100% GFAP-IR refers to the CNS) shows Tg-ChABC:3 and Tg-ChABC:4 to have significantly more axons entering the spinal cord compared with wild-type control mice (data represent mean Ϯ SEM; *p Ͻ 0.001, one-way ANOVA). Mechanosensation of injured mice was assessed using a modified tape removal task. D, E, Sense assessment was significantly elevated ipsilateral to the lesion after rhizotomy in wild-type (filled black circles) and Tg-ChABC (filled red and green circles) mice compared with their contralateral intact sides (open circles) (data represent mean Ϯ SEM withdrawal time;
# p Ͻ 0.05, one-way ANOVA). Wild-type mice maintained a deficit throughout the testing period, but Tg-ChABC:3 and Tg-ChABC:4 mice recovered significant function by 5 d after lesion (*p Ͻ 0.05, one-way ANOVA) compared with rhizotomized wild-type mice. Scale bar, 100 m.
extending some distance caudal to the lesion site, although we failed to observe long-distance regeneration of CST axons here. Second, the gfap::NgR(310)ecto mice did not exhibit significant axon growth into scarred tissue, whereas robust numbers of CST axons can be clearly seen within the lesion site in this study. This comparison reveals an important distinction between two interventions enhancing axon regeneration. Focal delivery of NgR(310)ecto is more efficacious than focal delivery of ChABC at encouraging long-distance regeneration of CST axons, but the latter results in greater localized sprouting of damaged axons into scarred tissue after Dhx. Such ChABC-dependent growth within scarred areas may be of equal or greater functional benefit under different circumstances, such as dorsal root avulsion injuries.
In light of this conclusion, we assessed the ability of transgenically expressed ChABC to encourage the localized regeneration of axons through a more discrete astrocytic lesion. Dorsal root lesion results in permanent retraction of primary afferents from their terminals in the spinal cord. A frequent complication of such injuries in humans is the emergence of chronic neuropathic pain states and a persistent loss of sensation in the affected dermatome (Htut et al., 2006) . Most commonly, these injuries occur as a result of brachial plexus avulsions associated with whiplash and traction of limbs during motor-vehicle accidents or ballistic injuries. The current lack of applicable therapy for these patients highlights an urgent unmet clinical need.
Previous studies that have addressed rhizotomy-induced loss of function have focused primarily on the damaged axons either by boosting their growth capacity pharmacologically (Ramer et al., 2000) or virally by delivering neurotrophic factors (Romero et al., 2001) or providing them with a alternative growth substrate in the form of transplanted olfactory ensheathing glial cells (OEGs) (Ramon-Cueto et al., 2000) . Although successful, these approaches have caveats. Large doses of neurotrophic factors may cause aberrant effects on intact pathways that also express Trk receptors (for review, see Pezet and McMahon, 2006) . Furthermore, sensory neurons express disparate Trk receptors that would ultimately require a mixture of neurotrophins to restore complete function. Transplantation of OEGs is a complicated process that requires the cells to be harvested in large numbers. Therefore, a less convoluted and perhaps less treacherous target would be the alteration the inhibitory environment of the damaged DREZ.
Damage to dorsal roots is not restricted to axons; glial cells within the spinal cord and the CNS-PNS interface (DREZ) proliferate and hypertrophy. As is the case within the CNS proper, a dynamic glial scar forms at the site of lesion, which proves impenetrable to regenerating axons (for review, see Aldskogius and Kozlova, 1998) . However, in contrast to the CNS, the scar at the DREZ appears to be mostly astrocytic in nature and consequently rich in CSPGs (Beggah et al., 2005) , therefore a target for ChABC digestion. Indeed, a recent study from Steinmetz et al. (2005) highlighted the efficacy of pharmacological delivery of ChABC in promoting functional regeneration of sensory neurons through the damaged DREZ. This study illustrated that ChABC injected directly into an injured dorsal root was capable of digesting CSPGs at the DREZ and throughout the dorsal horn.
In the current work, we found that the transgenic mice digest nearly all CSPG in the DREZ of a rhizotomized root. The transgenic digestion alone allows axonal regeneration and sensory recovery. In contrast, the ChABC pharmacological injection (Steinmetz et al., 2005 ) required a combination of ChABC and a potent inflammatory stimulus to achieve regeneration. Our transgenic study demonstrates the efficacy of ChABC to promote functional regeneration of rhizotomized sensory neurons even in the absence of additional manipulations to elevate their growth status. Indeed, all rhizotomized and regenerating axons in our study upregulated the growth-associated protein SPRR1A in the absence of additional stimuli. SPRR1A is a growth-associated intracellular protein known to be upregulated by damaged peripheral neurons (Bonilla et al., 2002) .
The effects of transgenic ChABC on regeneration through the DREZ are not modality specific. One subset of SPRR1A-IR regenerating axons expresses the neuropeptide CGRP and is known to be nociceptive. Another subset of regenerating fibers can be transganglionically labeled with CTB and is known to mediate mechanoceptive and proprioceptive functions. Both CGRP-IR and CTB-IR axons regenerate through the damaged DREZ in rhizotomized Tg-ChABC mice. Although no aberrant growth of labeled axons or autotomy was observed in rhizotomized wildtype or transgenic mice, the early restoration of sensory function in the chronic Tg-ChABC:3 and Tg-ChABC:4 mice does not rule out the possibility that transgenic ChABC expression might enhance intraspinal reorganization of intact primary afferent terminals from adjacent spared dorsal roots. Intraspinal reorganization (Darian-Smith, 2004 ) and the emergence of thermal hyperalgesia (Abad et al., 1989; Ramer et al., 2004) are known to occur after partial brachial plexus deafferentation, and these factors may provide the recovery in nociceptive function observed in wild-type mice at the end of our testing period. However, mice from the acute groups clearly showed immediate sensory deficits and lack of regeneration in all genotypes; therefore, we conclude that recovery of thermal and mechanosensory function by 5 d in transgenic mice is attributable to regeneration through the dorsal root entry zone.
The current study emphasizes a key role for CSPGs in limiting axon growth in areas undergoing reactive astrogliosis. In contrast, parallel studies that interfere with myelin-associated inhibitors illustrate their effectiveness in areas more remote from the injury site. The divergent loci of action and the potency of both strategies suggest that a combinatorial approach targeting inhibitory extracellular matrix and myelin-associated inhibitors may be the most efficacious therapy to restore complex function to the damaged CNS.
